Abstract
[3, [15] [16] [17] [18] [19] [20] [21] [22] . Other developments in terms of using hybrid CFRP and GFRP strengthening 51 materials to accomplish pseudo ductility have been contributed [23] [24] . Guidelines for the 52 design and construction of reinforced concrete members strengthened with externally bonded 53 FRP systems were developed by ACI committee 440 [25] . Specialized textbooks for the design 54 of strengthened reinforced concrete members with FRP started to appear in the literature [26] .
55
In this study, an experimental program is conducted to qualify the viability and potential of using 56 AA plates as EBR strengthening material to reinforced concrete beams. The behavior of AA 57 strengthened beams is tested with and without CFRP sheets acting as end anchorage U-wrap 58 devices. The tensile stress-strain curve of the AA plates is also tested and modeled using 59 analytical formula similar to that of PCI prestressing strand equation [27] . This formula is then 
Experimental Program

64
Test Beams
65
A series of ten RC beams were designed, constructed and tested. The first beam was tested as a were strengthened without anchorage, two of them using 2 mm thick 5083-0 AA plates (named 69 B1NW and B2NW) and two of them using 3 mm thick 5083-H111 AA plates (named B5NW 70 and B6NW), see Figure 2a . Four other beams, two using 5083-0 plates (named B3SW and 71 B4DW) and two using 5083-H111 plates (named B7SW and B8DW), were anchored with a 72 single and double end U-wraps respectively, see Figure 2b . The last beam specimen was strengthened with 5083-H111 plate and it was anchored with double U-wraps applied at the two 74 ends and at mid-span (named B9TDW), see Figure 2c .
75
The authors made two identical specimens of each of the beams with no U-Wraps for the sake of 76 repeatability or capturing different failure modes, if any, since this is the first time the behavior 77 of AA strengthened flexural beams is studied. The designation and detail of each beam specimen 78 are also summarized in Table 1 . Figure 2a Test specimens B1NW, B2NW, B5NW, B6NW   111  112  113  114  115  116  117  118  119  120  121   Figure 2b Test specimens B3SW, B4DW, B7SW, B8DW   122  123  124  125  126  127  128 
Materials
133
During the casting process, three cylinders were prepared to determine the compressive strength 134 of the concrete mix. The three cylinders were tested at 28 days as shown in Table 2 Table 5 . The experimental stress-strain curves of the two types of plates are shown in Figure 3 .
144
The modulus of elasticity of the 5083-0 AA plates was 50,000 MPa. On the other hand, the Figure 3 Experimental stress-strain curves for 5083-0 and 5083-H111 AA plates.
171
Test Matrix
172
The control beam (CB) was left un-strengthened, while the remaining 9 beams were strengthened 
Experimental Test Setup
191
The beams were tested under four-point bending monotonically until failure. Displacement accounts for the nonlinearity of concrete in compression by using the Hognestad's parabola [31] .
218
The stress strain curve of the internal steel reinforcement is assumed to be elastic-perfectly 219 plastic. However, Figure 3 clearly shows that the stress-strain curve of the AA plate is mainly 220 strain hardening that cannot accurately be depicted by an elastic-perfectly plastic curve. accurately predict the deflection.
AA Constitutive Model
237
The stress-strain curve of the AA plates is linear at first followed by a strain hardening region 238 according to Figure 3 . Therefore, a stress-strain model similar to that of the PCI prestressing 239 strand formula is adopted to capture the AA strain hardening constitutive response. Tables 4-5. It may also be observed from Table 6 that the deflection corresponding to the peak 294 load of strengthened beams took place at a lower mid span deflection than that of the control 295 beam. However, the deflection when the load dropped off for the strengthened beams with 
Load-deflection curve
305
The load-deflection curves of identical beams are seen to be perfectly matching except at Figure 9 Load-strain for AA and concrete in beams with and without anchorage 381 382
Modes of failure of tested beams
383
The major role that anchorage played in realizing the failure mode is that beams with no 384 anchorage failed by yielding of the AA plate followed by complete debonding of the AA plate 385 while beams with end anchorage also failed by yielding of the AA plates followed by localized 386 debonding of the AA plate in between the anchors, Table 8 . Accordingly, the anchors acted in 
Analytical Prediction of Flexural Behavior of AA Strengthened Beams
424
Using the numerical analysis program developed in section 3.0 above, the prediction of ultimate 425 load for the control beam was found to be 57.72 kN, which is very close to the test result of 58.78 kN, = 0.008074
The strain in equation (7) 
Comparison of Experimental Results and Analytical Predictions
452
To illustrate the overall comparison of the load-deflection response of the tested beams and the 
